The engraving process of a projectile rotating band is one of the most basic research aspects in interior ballistics, which has not been thoroughly understood thus far. An understanding of this process is of great importance from the viewpoints of optimal design, manufacturing, use, and maintenance of gun and projectile. In this paper, the interaction of copper and nylon rotating bands with a CrNiMo gun barrel during engraving was studied under quasi-static and dynamic loading conditions. The quasi-static engraving tests were performed on a CSS-88500 electronic universal testing machine (EUTM) and a special gas-gun-based test rig was designed for dynamic impact engraving of the rotating bands. The mechanical behaviors of copper and nylon were investigated under strain rates of 10 −3 s −1 and 2 × 10 3 s −1 using an MTS 810 and a split Hopkinson pressure bar (SHPB), respectively. Morphologies of the worn surfaces and cross-sectional microstructures were observed with scanning electron microscope (SEM) and optical microscope (OM). It was found that large deformation and severe friction occur during engraving. The surface layer is condensed and correlated with a hardness gradient along the depth from the top worn surface. The structure of the rotating band and gun bore, band material, and loading rate have great effects on band engraving. The flow stress-strain of the copper strongly depends on the applied strain rate. It is suggested that strain rate and temperature play significant roles in the deformation mechanism of rotating bands.
Introduction
Ballistics is the study of the firing, flight, and effect of ammunition, which can be broadly divided into four distinct phases: interior, intermediate, exterior, and terminal. Interior ballistics deals with the motion of a projectile that is still in the gun barrel. A gun barrel is a long, slender tube that serves multiple functions. It often has three major internal regions: combustion chamber, forcing cone, and bore (Fig. 1) . The combustion chamber is at the breech-end of the gun barrel and it receives the complete round of ammunition. The forcing cone is the tapered portion near the rear of the bore, connecting the combustion chamber and the bore coaxially. The bore extends from the forcing cone to the muzzle and falls into two general categories: smoothbore and rifled. The former has a completely smooth and cylindrical interior surface, and the latter contains lands and grooves machined axially with a slight twist or helix, causing the projectile to rotate while in the bore. In this paper, rifled gun bore is considered.
The primary function of a large caliber gun is to accurately fire projectiles at high velocities towards a target. Above a certain size, semi-fixed rounds are impracticable because the entire assembly would be too heavy to be carried effectively. Therefore, separate ammunition is loaded in this case, i.e., the projectile and the propelling charges are supplied and loaded separately. The projectile body has three main components that affect ballistics: bourrelet, rotating band, and obturating band (Fig. 2) . The external diameter of the projectile is only slightly smaller than that of the bore, which allows the projectile to slide axially within the bore. The bourrelet centers the forward part of the projectile in the barrel and bears on the lands. The projectiles used in rifled guns of calibers greater than 20 mm have one or more external bands towards the rear that are slightly larger than the grooves but smaller than the combustion chamber. The functions of a rotating band, also called driving band, are as follows: (1) act as a rear bourrelet and help keep the projectile centered in the bore; (2) prevent the escape of combustion gases past the projectile; (3) provide a repeatable "short-start force" that momentarily resists forward projectile motion while the combustion process is just beginning; (4) engage rifling in the gun bore and transfer the rifling twist to the projectile for creating projectile spin; and (5) retain the projectile in the bore when high angles of elevation are applied. On certain projectiles, the obturating bands are made of plastic to provide forward obturation by preventing the escape of gas pressure from around the projectile.
It is essential that the type of rotating band and its material should be selected properly based on the following considerations: (1) The engraving process should not degrade the ballistic properties after the rotating band has been engraved; (2) the band should be easy to affix and remain attached to the projectile body throughout the internal and external ballistic phases; (3) the band should not wear the bore excessively and compensate for normal wear in the bore. Typically, the rotating band is made of commercially pure copper, copper alloy (gilding metal, bronze, and brass), cupro-nickel alloy, etc.
Upon preparation for firing a large caliber gun, the projectile and propellant are loaded into the gun barrel in two separate processes. The projectile is rammed into the gun barrel, and the rotating band contacts the lands and grooves in the forcing cone. When the gun is fired, the propellant is ignited by the primer, and the burning propellant produces gaseous products of combustion that have very high pressure and temperature. The propellant gases exert a force on the base of the projectile, which begins its forward motion when the gases develop adequate pressure to overcome the "short-start force". The rotating band and the obturating band (if present) will be engraved to the shape of the rifling. Continued firing of a gun wears away materials from the forcing cone or bore. This happens either because of the hot gases passing over the cone/bore at high velocities and/or by the projectile moving down bore and interacting with the barrel walls. An excessively worn bore cannot guarantee proper seating of the projectile. Thus, some of the expanding gases could escape from around the rotating band, thus resulting in decreased muzzle velocity. The lands may not engage the rotating band well enough to impart proper spin to the projectile. During loading and the initial stages of combustion, the rotating band is forcibly engraved into the rifling and exerts a radial force on the bore, which can contribute to wear as the projectile traverses the thermally damaged gun bore.
The motion of a projectile in the gun barrel can be divided into two successive stages. The first stage is the engraving of a rotating band into the rifling in a gun barrel, and the second stage is the projectile's acceleration and movement along the gun bore until it exits from the muzzle. The rotating band and the gun bore surface (lands and grooves) compose a friction pair, and the friction between them has different characteristics in each stage. At the beginning of the first stage, the projectile is still initially and is accelerated to a velocity of tens of meters per second within a few microseconds. The projectile's rotating band undergoes plastic deformation at high strain rates when it is engraved by the rifling. Thus, the engraving process is essentially dynamic. The second stage features friction and wear under high sliding speeds, and surface melting is considered as the mechanism of wear. Montgomery [1−5] carried out a series of investigations on the interaction between the rotating band and the gun barrel at high sliding speeds. When a molten film is formed on the surface of rotating band, sliding becomes lubricated and friction is determined hydrodynamically. In this case, the wear of a particular band material is determined by the amount of heat transferred to it. A portion of the melted surface layer is removed, which means that high melting is essential for the rotating band material to have good wear resistance. A slider melting wear theory was proposed by Matsuyama based on the non-steady heat conduction equation [6] , and he established a practical, thermal property-based selection process for slider materials such as red brass, Al-bronze, and brass. Lisov investigated the wear mechanisms of 105-and 155-mm artillery projectiles' rotating bands theoretically and experimentally using variable parameters of internal ballistics [7] . Based on the measured strain of the barrel's exterior surface, Andrews [8] found that high charges generally degrade the rotating band by reducing the load the rotating band applies to the 155 mm gun barrel during firing. The influence of rotating band construction on gun tube loading was investigated experimentally and numerically by Toivola et al. [9] and Keinänen et al. [10] . They presented a practical analysis method for determining the tube inner wall pressure from outer wall strain measurements, and the generated numerical results were in agreement with the measured firing results. Eleiche et al. [11] proposed the use of glass-fiber reinforced polyamide as an alternative material for rotating bands and found that PA66 resin with 2% GF reinforcement offers the ideal compromise; the rotating band withstands the associated plastic deformation without failure at all sliding speeds. The interaction between the projectile driving band and the forcing cone of a weapon barrel in the course of ramming was studied by Balla et al. [12] . It was found that the ramming and extraction forces depend remarkably on the degree of wear of the forcing cone diameter.
As mentioned above, although there are few published studies on the interaction between the rotating band and the gun barrel, insight into the engraving process is in great demand in the field of interior ballistics. Chen [13, 14] performed a large deformation analysis of the engraving process and wear in a projectile rotating band by using the finite element program ABAQUS. An elastic-plastic material model was chosen for the copper band, and an appropriate coefficient of sliding friction was selected. The calculated finite element results showed that band pressure is large, and severe plastic deformation occurs in the band. Because the rotating band is hidden from view during the engraving process, its deformation cannot be measured as it occurs. As is known, the engraving process involves a system composed of the gun barrel, projectile, and propellant as shown in Fig. 3 [15] . Combustion of the propellant generates high pressure, which acts on the projectile base and pushes it through the forcing cone and then down the rifled bore. Many parameters influence the band/barrel interaction, such as type and amount of propellant; structures, geometries, and materials of band and gun bore; and friction condition (dry or lubricated). Obviously, it is very difficult to analyze the engraving process theoretically given its complexity. The quasi-static pushing test method has been adopted by pressing the rotating band inside a portion of a barrel section with a universal testing machine [16] . However, this method is conducted at very low speeds in comparison with actual firing. Therefore, the key to investigating the engraving process experimentally is the generation of dynamic forces that simulate the action of gas pressure. In this paper, a gas-gun-based test rig was designed and constructed specially for generating the impact force required to engrave the rotating band. Moreover, quasi-static engraving tests were carried out using a CSS-88500 electronic universal testing machine (EUTM) for comparison with the results of dynamic testing. The friction and deformation behavior of the rotating bands were observed after engraving. The possible deformation mechanism of rotating bands was investigated under different loading conditions. Figure 4 shows the schematic representation of a simulated gun barrel section and projectile. A hollow CrNiMoV steel cylinder with a length of 225 mm, inner diameter of 72 mm, and outer diameter of 100 mm was chosen. Twenty-four lands and grooves were cut by electrical discharge machining and then polished mechanically to a mean surface roughness of about 0.4 μm with a standard deviation of 0.12 μm. It should be noted that linear rifling, namely, rifling profile without a twist, was adopted in our tests for two reasons. One is that the main aim of the current study is to investigate the engraving of the rotating band. The engraving process ends when the band has been engraved into the forcing cone completely and reaches the commencement of full rifling. Therefore, whether the rifling is linear has little influence on the engraving process. The other reason is that linear lands are easy to cut, and subsequent theoretical analysis of interaction between the band and rifling could be performed. The diameters of the lands and grooves are 74.5 mm and 76.5 mm, respectively, that is to say, the barrel rifling depth is 1 mm. The width of each land is 3 mm and that of the groove is about 7 mm. The length and half angle of the forcing cone are 47.7 mm and 1.5°, respectively.
Experimental studies

Simulated gun barrel and projectile
Before engraving, the rotating band of copper or nylon ring was machined on the lathe and then pressed onto the projectile's waist using an oil press. A mean surface roughness of about 0.8 μm with a standard deviation of 0.38 mm was achieved for the rotating band. After engraving, the rotating band cannot be separated from the waist owing to interference fits between them. To avoid damage to the engraved rotating band, the projectile was designed to have three parts: base, waist, and head. The base and head were screwed to the waist before testing and broken from the waist after testing. Therefore, the base and head can be used repeatedly, and only the waist with the rotating band has to be replaced. The diameter and width of the rotating band were 76.7 mm and 10-25 mm, respectively. 
Quasi-static and dynamic loading methods
A CSS-88500 EUTM was employed to perform quasistatic engraving experiments, as shown in Fig. 6(a were employed and the required engraving force was recorded electronically as a function of displacement and displayed on the screen. When copper bands were tested, a decoppering agent was used to clean the gun bore surface thoroughly in order to maintain the same boundary Table 1 ), abnormalities were observed in the engraving force curve after engraving, as shown in Fig. 6(b) . When the projectile was pushed out of the barrel exit, engraved scars were observed on the edge of waist body (Fig. 6(c) ). Therefore, a universal joint, shown in Fig. 6(d) , was adopted in all subsequent tests to correct the slight misalignment along the loading axis.
As is known, the engraving characteristic of the rotating band under actual firing conditions is dynamic. Severe friction between the band and the rifling occurs, and the rotating band undergoes large plastic deformation. To realize dynamic loading on the projectile and reproduce the band-bore interaction to the greatest extent, we designed and constructed a gas-gun-based dynamic impact test rig, as shown in Fig. 7 . Before the test, the gun barrel was mounted tightly on the base, and the projectile combined with the rotating band to be engraved was placed in the gun bore. The gas pressure of the gun was adjusted with a pressure control system. Upon opening the valve, the striker bar is launched by the gas such as compressed air, nitrogen, or helium in the pressure storage vessel. The striker bar accelerates and moves forward along the gas gun tube until it impacts the projectile's base. Under the impact loading, the rotating band is extruded into the forcing cone and shaped by the rifling. The projectile is subsequently discharged out of the barrel and recovered for analysis. On the gas gun tube side near the exit, gas venting holes are drilled to ensure that constant speeds of the striker bar can be obtained. The striking velocities just before impact were measured using a laser velocimeter. The striking speed can be adjusted simply by changing the gas pressure in the vessel and/or the depth of the striker bar inside the gas gun tube. The loading duration is proportional to the length of the striker bar. It should be noted that the striker bar, projectile (rotating band), and gun barrel are fixed and adjusted accurately to be coaxial with each other prior to the test. Furthermore, gas leakage between the sealing ring and gas gun tube has a negative effect on the stability of the striking speed. In this study, we used a striker bar made of high strength steel and having a diameter of 75 mm and a length of 800 mm. Nitrogen was used at gas pressures of 0.3, 0.4, 0.5, 0.6, and 0.7 MPa, and the measured striking velocity ranged from 2 m/s to 5 m/s. According to the best of our knowledge, no specific work has been conducted on the engraving process of a projectile rotating band under dynamic loading by using a gas gun.
Mechanical behavior of band materials
The rotating band materials deform at low and high strain rates in the quasi-static and dynamic engraving processes, respectively. Knowledge of the mechanical behavior of materials is beneficial for gaining insight into engraving behavior. Two materials were tested, namely, copper (T2), and nylon (1010). The current quasi-static loading experiments were performed under a strain rate of 10 −3 s −1 using an MTS 810 material testing system. The dynamic impact tests were conducted under a strain rate of 2 × 10 3 using a compressive split Hopkinson pressure bar (SHPB), as shown in Fig. 8 . Cylindrical specimens measuring 6 mm × 8 mm (diameter × length) were prepared and positioned between an incident bar and a transmission bar, both of which were made from high strength spring steel and had diameters of 14.5 mm. Prior to testing, the end faces of each cylindrical specimen were lubricated with silicon grease to minimize friction during impact testing. Stress pulses were detected using electroresistance strain gauges mounted on the incident and the transmission bars. 
Morphology observation
The morphologies of the worn surfaces of rotating bands under quasi-static and dynamic engraving conditions were investigated with a scanning electron microscope (SEM, Philips of Holland, Model XL30 ESEM-TMP) at an operating voltage of 20 kV. The samples were cleaned ultrasonically in acetone for about 15 min before SEM observation. Energy dispersive spectroscopy (EDS) was used to analyze the composition of the worn surface.
Because of severe plastic deformation and friction during the engraving process, the microstructure in the surface layer was effectively refined, and a different microstructure was obtained as a result of the different strain rate. Samples of cross-sectional surfaces to be viewed using optical microscope (OM) were polished before etching. Polishing was performed using various grades of sandpaper, followed by polishing with 1 μm, 0.5 μm, and 0.25 μm diamond suspensions. After polishing, the samples were etched using a 10 ml HCl solution, 10 g FeCl 3 , and 120 mL H 2 O.
Results and discussion
Quasi-static engraving of rotating bands
Experimental results of engraved copper and nylon rotating bands under quasi-static loading are shown in Fig. 9 . Large deformation and severe friction occurred after engraving. The rotating bands were extruded by the lands to form corresponding grooves. The band material accumulated at the end of every groove did not separate from the band. Moreover, there was severe friction between the rotating band surface and grooves of gun bore. We compare the rifled gun bore (lands and grooves) to a shaped tool. Under low speed loading, the rotating band was not cut but extruded by this blunt tool.
Some testing results are listed in Table 1 , where
, L R refers to the loading rate, and max F refers to the maximum engraving force. It was shown that the rotating band materials, rotating band structure, gun bore structure, and loading rate influence the engraving process. Under the same testing conditions, the maximum engraving force of the copper rotating band is an order of magnitude higher than that of the nylon rotating band. For When c was increased from 10 mm to 15 mm, the maximum engraving force increased from 59.64 kN to 83.78 kN. For the nylon rotating band, the maximum engraving force decreased from 6.95 kN to 5.42 kN for a dry gun bore surface under lubricated condition. As the loading rate was decreased from 30 mm·min −1 to 1 mm·min −1 , the maximum engraving force for the nylon rotating band decreased from 6.95 kN to 4.56 kN. Figure 10 shows the force histories for engraving copper 2 # , copper 3 # , nylon 1 # , nylon 2 # , and nylon 3 # rotating bands. It can be seen that the engraving force increased nearly linearly with displacement. When rotating band was completely engraved, the force reached the maximum, then decreased gradually, and dropped to zero when the rotating band was pushed out of the barrel (not shown in Fig. 10 ). The average required force per millimeter before the maximum force was 4.43, 3.47, 0.43, 0.37, and 0.32 kN/mm, respectively. Higher force was needed to overcome the resistance during the engraving of the copper rotating band than that of the nylon rotating band. Before the rotating band was engraved completely, the resistance was composed of two parts: one due to rotating band deformation and the other induced by friction between the rotating band and the gun bore. After complete engraving, the resistance decreased because rotating band deformed no longer, and only sliding friction added to the resistance. For example, the force history of engraving of a nylon rotating band is shown in Fig. 11 . The maximum engraving force approached 7.37 kN when the nylon rotating band was completely engraved, which decreased to ~6 kN when the band was moving forward over straight lands and grooves.
Dynamic impact engraving of rotating bands
The dynamic impact engraving of copper and nylon rotating bands having a diameter of 76.7 mm diameter and a width of 15 mm are shown in Fig. 12 . As we know, the rotating band is engraved into the forcing cone by the pressure of combustion gas under actual firing conditions. The increased pressure acts on the projectile base throughout the engraving process and accelerates the projectile. In this study, we intend to achieve engraving of the rotating band into the forcing cone and ejection of the tested projectile from the gun barrel by only one impact. However, this intention was not reached initially when performing the dynamic engraving of the copper rotating band. At first, we set the N 2 pressure to 0.3 MPa; the corresponding measured striker bar velocity was 2.88 m/s. The rotating band moved forward only by a few millimeters under the impact. Too large a contact area between the rotating band and the gun bore surface generated too high a resistance. Therefore, the pressure was adjusted to 0.4 MPa, 0.5 MPa, and 0.6 MPa, and the corresponding striker velocities were 3.16 m/s, 3.58 m/s, 4.03 m/s. Finally, when the pressure was increased to 0.7 MPa, the rotating band exited the gun barrel in one impact with a striker velocity of 4.64 m/s. To ensure that the projectile with engraved rotating band is ejected from the gun barrel in one impact, we can increase N 2 pressure or decrease the rotating band diameter and width. Next, the nylon rotating band was engraved into the forcing cone in one impact under a N 2 pressure 0.6 MPa, and the projectile was successfully ejected from the gun barrel. Comparing with the quasi-statically engraved rotating bands, the dynamically engraved rotating bands did not have accumulated material at the end of every groove, indicating that the rotating bands were not extruded but cut by the lands under dynamic loading. The chips were observed after the dynamic loading tests. Furthermore, it was also found that the copper or brass was deposited on the grooves' surface after tests owing to severe friction between the groove and the rotating band. In fact, coppering always happens within the gun bore surface under actual firing conditions, and it should be eliminated to avoid any adverse effect on accuracy [17] . Figure 13 shows an engraved rotating band of a recovered projectile after actual firing. Obviously, the deformation behavior of engraved rotating bands under dynamic impact loading resembles that of a truly engraved rotating band under firing conditions. It can be deduced from different plastic deformation morphologies of the engraved rotating bands that loading rate plays a significant role in engraving of the rotating band. Figure 14 shows the surface morphologies of the rotating band before and after engraving. Compared with the surface morphology of un-engraved rotating bands ( Fig. 14(a) ), those of the friction surfaces of engraved rotating bands exhibited obvious wear scars, as shown in Figs. 14(b) and 14(c). It can be seen that the quasi-statically engraved band surface suffered from more severe wear and deformation than then dynamically engraved band. This implies that engraving the rotating band at lower strain rates leads to larger deformation and resistance because the band material (copper) has adequate time to deform. Moreover, the heat induced due to band/bore friction dissipated during the engraving process, and the band surface temperature remained nearly the same. However, when we touched the band surface as soon as the projectile was ejected from the barrel exit under impact loading, it felt warm. This indicates that its temperature rose because the generated heat could not be dissipated fully in such a short time. It should be noted that we do not yet have a method to measure the band surface temperature; the development of such a method is still under consideration.
Morphology and plastic deformation
Cross-sectional microstructures of the original and the engraved copper band samples are shown in Fig. 15 . Evidence of plastic deformation is obvious in the surface layer to a depth of about 500 μm for the quasi-statically engraved sample (Fig. 15(b) ) and to a depth of about 300 μm for the dynamically engraved sample (Fig. 15(c) ). The deformation is inhomogeneous in terms of depth from place to place owing to the varying orientations of grains and the heterogeneous nature of plastic deformation within and between grains. It can be seen that the friction surface layer underwent more severe deformation during the quasistatic engraving process than that during the dynamic engraving process. The microstructure of the top surface is denser owing to high stress and large plastic deformation. This observation is in agreement with the surface morphologies. Figure 16 shows the hardness distribution from the top surface to the base. The total cross-section can be divided into three regions (I-severe deformation, II-slight deformation, III-undeformed) along the depth from the top friction surface. The denser microstructure has higher hardness than the original microstructure owing to strengthening by It can be deduced from Figs. 14-16 that the strain rate and temperature influence the behavior of the copper band significantly, which leads to a prominent difference between quasi-static and dynamic engraving. Figure 17 shows the results of the quasi-static and dynamic mechanical tests for copper under strain rates of 10 −3 and 2 × 10 3 s −1 , respectively. It is evident that the strain rate has a significant effect on specimen strength. As expected, the flow stress increases more rapidly in the dynamic regime than in the quasi-static regime. The yield strength in the dynamic tests is higher than that in the quasi-static tests. An increase in the strain rate leads to a reduction in work hardening. It is clear that the strengthening effect in the tested material varies with the strain rate. Furthermore, thermal softening, which results from the heating due to high strain rate impact loading, may influence the mechanical behavior of copper. Plastic deformation of conventional coarse-grained polycrystalline metals mainly happens at lattice dislocations within individual grains. Slip, twinning, and grain-boundary cracking are competing deformation mechanisms; the former being favored under quasi-static loading and the latter two under high-strain-rate conditions. Consequently, the material undergoes a ductile-to-brittle transition as the strain rate is increased from 10 −3 to 10 3 s −1 . It is generally known that metals with a face-centered cubic (FCC) crystal structure, such as copper, are ductile and deform plastically owing to dislocation slip on the (111) planes in the〈110〉directions. Deformation twinning of FCC crystal structure metals occurs under very high strain rates according to Meyers et al. [18] . Cronje et al. [19] reported that deformation twinning in copper occurs under high strain rates (700 and 1400 s
−1
). Therefore, it is suggested that the engraving behavior of the rotating band can be attributed to the effects of strain rate and temperature. Comprehensive knowledge of the nature of engraving process is still being acquired and will be reported in the future.
Conclusions
In the present work, the interaction of copper and nylon rotating bands with the gun barrel during engraving was studied under the quasi-static and dynamic loading conditions. The main conclusions are summarized below:
(1) Structure of the gun bore and the rotating band influence the engraving process, indicating that optimal design of the structure is beneficial for obtaining the desired interior parameters such as muzzle velocity.
(2) Under the same testing condition, the engraving force of the copper rotating band is an order of magnitude higher than that of the nylon rotating band. This demonstrates that the addition of a nylon obturating band behind the copper rotating band in certain projectiles has nearly no influence on the engraving process, the function of which is to seal the combustion gases. Moreover, the difference in engraving force between copper and nylon suggests that the band material greatly influences the engraving process and should be chosen properly.
(3) The loading rate, which reflects the action of quasi-static loading, dynamic loading, and actual firing, plays a key role in engraving of the rotating band. The surface layer is condensed, strengthened, and possesses higher hardness owing to large deformation and severe friction. It is suggested that strain rate and temperature have great effects on the deformation behaviors of rotating bands. 
